Lecythidaceae subfam. Lecythidoideae is limited to the Neotropics and is the only naturally occurring subfamily of Lecythidaceae in the New World. A subset of genera with zygomorphic flowers-Bertholletia, Corythophora, Eschweilera and Lecythis-comprises a group of about 125 species called the Bertholletia clade. A previous study based on plastid ndhF and trnL-F genes supported the monophyly of Corythophora but suggested that Eschweilera and Lecythis are not monophyletic. Using this study as a baseline, we sampled more taxa and sequenced more loci to address the taxonomic problems of the ambiguous genera and to determine relationships within the Bertholletia clade. Our results support the monophyly of the Bertholletia clade as previously circumscribed. In addition, Corythophora is monophyletic, and the two accessions of Bertholletia excelsa come out together on the tree. Results of the simultaneous analysis do not support the monophyly of Lecythis or Eschweilera. Lecythis consists of four main groups (the Lecythis pisonis, L. poiteaui, L. chartacea, and L. corrugata clades), the last of which is nested within Eschweilera, and Eschweilera consists of three clades (the Eschweilera integrifolia, E. tetrapetala, and Eschweilera parvifolia clades). We compare our results with the generic classification presented in the latest monograph of neotropical Lecythidaceae and make recommendations for a revised generic classification of the Bertholletia clade of Lecythidaceae.
Introduction
We consider the Lecythidaceae (Brazil nut family) to consist of three subfamilies, the Old World Barringtonioideae (previously incorrectly called the Planchonioideae fide Thorne, 2000) and Foetidioideae, and the New World Lecythidoideae (Prance & Mori, 2004; Mori et al., 2007) . In addition, the Angiosperm Phylogeny Group (2009) also includes the Napoleonaeoideae and Scytopetaloideae as subfamilies of Lecythidaceae. Regardless of how the Lecythidaceae are classified, these five groups form a strongly supported clade in the Ericales (Morton et al., 1997 (Morton et al., , 1998 Anderberg et al., 2002; Schönenberger et al., 2005) .
The New World Lecythidaceae consist of ten genera and 210 described species (Prance & Mori, 1979; Mori, 1992 Mori, , 1995 Mori, , 2007 Mori & Lepsch-Cunha, 1995; Huang et al., 2008) , and are limited to the Neotropics-moreover, no species of the other two subfamilies occurs naturally anywhere in Central America, South America, or the Caribbean . Thus, when we mention Lecythidaceae in this paper, we are referring to the species found naturally in the tropics of the western hemisphere, i.e., Lecythidaceae subfamily Lecythidoideae.
The greatest species diversity of Lecythidaceae in the New World is found in the Amazon Basin where they flourish and often dominate lowland primary rainforests, especially those of non-flooded forests (terra firme). In Amazonia ) and the Guianas (Mori & Boom, 1987) , Lecythidaceae often rank as one of the ecologically most dominant families of the Amazonian tree flora (ter Steege et al., 2013) . Although species are also found as far south as Paraguay and as far north as Mexico, and they inhabit other vegetation types such as periodically flooded forests, cloud forests, and savannas, they are never as numerous in these localities and habitats as they are in Amazonian and Guianan lowland rainforests.
Neotropical Lecythidaceae are small to large trees with fibrous bark; normally oriented cortical bundles, i.e., the xylem is on the inside and the phloem is on the outside of the bundles (Prance & Mori, 1979; Morton et al., 1998) ;
Morphological data
The data matrix consisted of 49 characters, representing wood anatomy, leaf venation, stomata characteristics, and floral, fruit, and seed features. Details of character coding and the complete data matrix are presented in Huang et al. (2011) .
Molecular data
We sequenced nuclear ITS and plastid ndhF, trnL-F, and trnH-psbA for phylogenetic analysis. Genomic DNA was isolated from silica-dried leaves or herbarium specimens using Qiagen DNeasy plant mini kit following the manufacturer's protocols or modified CTAB methods as described by Doyle and Doyle (1990) . Target loci were amplified in 25 μL volumes using standard polymerase chain reaction (PCR) protocols. Extra reagent Dimethyl Sulfoxide (DMSO) was added (1.25 μL) to amplify ITS in one or two pieces using primers described in Luton et al. (1992) , Downie and Katz-Downie (1996) , Howarth et al. (2003) , Stanford et al. (2000) , and those designed by the first author (5' -GAAGAACGTAGCGAAATGCG -3' & 5' -GCATCGATGAAGAACGTAGC -3'). Three plastid loci were amplified using primers described in Taberlet et al. (1991) , Olmstead & Sweere (1994) , Hamilton (1999) , and Mori et al. (2007) . PCR was performed with an initial denaturation at 94˚C for 5 minutes, followed by 36 to 40 cycles at 94˚C for 30 seconds, a range between 50˚C-55˚C for 30 seconds, and 72˚C for 45 seconds, plus a final extension at 72˚C for 10 minutes. PCR products were purified with the polyethylene glycol (PEG; Rosenthal et al., 1993) . Purified PCR products were sequenced in the laboratory of the Institute of Plant and Microbial Biology, Academia Sinica, Taipei, Taiwan.
The resulting sequences were first assembled and trimmed in Sequencher 4.5 (Gene Code Corporation, 2005) and then submitted to BLAST to verify their identities. After confirmation, sequences were aligned with the program Muscle (Edgar, 2004) and manually adjusted with BioEdit (Hall, 1999) . Insertions and deletions (indels) longer than one base pair were coded for absence or presence using the method of simple gap coding (Simmons & Ochoterena, 2000) and the program 2xread (Little, 2005) .
Phylogenetic analyses
The parsimony based computer program "Tree analysis using New Technology (TNT)" by Goloboff et al. (2008) was used to construct phylogenetic trees. Only parsimony informative characters were included in the analyses. All four algorithms incorporated into TNT program were applied to finding the most parsimonious trees, using TNT's "New technology search" with the following parameters: 500 iterations of Rachet (RAT), 500 cycles of Tree-Drifting (DFT), Sectorial Search (SS) with RSS and CSS chosen, and five runs of Tree fusion (TF). Once the minimum score was found, an extra search of finding the minimum score 20 times was performed to test the accuracy of the consensus. If a shorter tree was found during the consensus test, the search procedure restarted and the shorter tree found in the previous search was used as the starting tree. After all equally parsimonious trees were found, a strict consensus of these trees was calculated in Winclada (Nixon, 1999) . Branch support was assessed using standard bootstrap (BS) re-sampling with 1,000 replications, ten random taxon entry sequences per replication, and one tree saved per replication. The morphological data set and different DNA loci were each analyzed independently, and additional analyses of combined three plastid loci as well as combined DNA data were performed. Finally a simultaneous analysis of combined morphological data and all four DNA loci was conducted, and the results of the simultaneous analysis served as the basis for our conclusions. In order to establish morphological synapomorphies for each supporting clade, morphological characters were then optimized onto the trees inferred from the simultaneous analysis using the unambiguous option of Winclada.
Naming of clades
Clades are named using the following methodology: (1) clades are given the name of the genus if the clade is monophyletic and all of the taxa included were treated as belonging to the genus by , which applies only to the Corythophora clade; (2) clades are named after the type species of a genus (the Bertholletia excelsa Bonpland [1807: 122] and Eschweilera parvifolia Mart. ex Candolle [1828: 293] clades) or section (the Eschweilera tetrapetala S. A. Mori [1981: 467] , Lecythis corrugata Poiteau [1825: 146] , L. ollaria Linnaeus [1759 Linnaeus [ : 1071 , and L. pisonis clades); or (3) the earliest name of a species included in the recovered clade is applied if there are no other names available for it (the Eschweilera integrifolia [Ruiz & Pav. ex Miers 1874 : 225] R. Knuth [1939: 97] , Lecythis chartacea and L. poiteaui O. Berg [1858: 615] clades). In order to avoid confusion, it is important to remember that the Bertholletia clade includes all of the genera mentioned in this paragraph and that the B. excelsa clade is a monotypic clade within the Bertholletia clade.
Terminology
Students of neotropical Lecythidaceae have developed a large vocabulary to describe variation in vegetative, flower, fruit, seed, and seedling features and, thus, an understanding of these terms is needed to comprehend the morphological characters used in this paper. A matrix of the anatomical and morphological characters used in this study, along with their definitions and discussion of the coding, is presented in Huang et al. (2011) . In this paper, a number in parentheses refers to the number of a character in the Huang et al. (2011) paper; for example "(character 31)" refers to apical ligular appendages (also called hood appendages). In the current paper, we have included illustrations of the morphological features of each of the clades . For additional help with the definition of terms, the reader can refer to an illustrated glossary of terms for neotropical Lecythidaceae available on the Lecythidaceae Pages at http://sweetgum. nybg.org/lp/.
Results
Analyses based on 41 morphological characters generated 125 equally parsimonious trees with a tree length of 105 steps, a consistency index (CI) of 0.53 and a retention index (RI) of 0.88 (Table 1) . Details of the morphological analyses are presented in Huang et al. (2011) . Characteristics of four DNA loci and results of tree searches based on individual loci and combined loci are provided in Table 1 . :
The combined analysis of ITS and three cpDNA generated 115 MP trees with a tree length of 6089 steps, a CI of 0.35, and a RI of 0.75. The strict consensus of all 115 MP trees is shown in Fig. 1 . Within the Bertholletia clade the ingroup is divided into two major clades. The first major clade consists of two sister clades: The Ollaria clade and the Pisonis clade. The second major clade is further divided into two clades. Within the first clade Bertholletia excelsa is sister to the E. integrifolia clade. Within the second clade there are two clades. The first clade consists of two sister clades: the Poiteaui clade and the Chartacea clade. The second clade consists of four clades: Corythophora, the Tetrapetala clade, the Corrugata clade, and the Parvifolia clade. Among the four clades, Corythophora is sister to the latter three, and relationships among the latter three clades are unresolved. The strict consensus tree (Fig. 2 ) from the simultaneous analysis shows support for the monophyly of the Bertholletia clade (63%), which includes Lecythis, Corythophora, Bertholletia, and Eschweilera. In addition, Corythophora is monophyletic (100%), and the two accessions of Bertholletia excelsa come out together on the tree (100% 76 L = sequence length before alignment; AL = sequence length after alignment; PI = parsimony-informative sites; Indels = insertions or deletions; VS = % of variable sites (no. of variable base pairs (bps) /no. of total bps); Tn = number of trees; TL = tree length; CI = consistency index; RI = retention index.
The individual analyses provided moderate resolution, with none of the individual data sets or loci obviously outperforming any other in terms of number of nodes resolved or bootstrap support values ( Table 2 ). The combined analyses of all the DNA data ( Fig. 1 ) and the DNA data + morphology (Fig. 2 ) are more resolved (and with higher support values) than any of the individual analyses. Groups that are supported in every analysis are the Bertholletia clade, the Lecythis pisonis clade, and the Lecythis corrugata clade. Clades that are supported in the morphological analysis and in all except one of the molecular analyses are Corythophora (not supported by trnH-psbA) and the Eschweilera tetrapetala clade (not supported by ITS).
Eschweilera and Lecythis are not monophyletic in any analysis of the data (none of the individual partitions, none of the combined analyses). Three clades of Lecythis (L. pisonis clade, L. chartacea clade, L. corrugata clade) are each supported in all of the molecular analyses. The sister group relationship of the L. ollaria and L. poiteaui clades is not supported in some of the DNA analyses, but the L. ollaria clade and the L. poiteaui clade are individually supported in all of the molecular analyses. Two clades of Eschweilera (E. tetrapetala clade, E. parvifolia clade) are supported in all individual analyses except that which includes only ITS data, which does not support either of these clades. The Eschewilera integrifolia clade is not supported in most of the individual analyses of molecular data, but the molecular data support the E. integrifolia clade minus E. amazoniciformis S. A. Mori [in Mori & Prance 1990: 227] in all analyses.
Several of the larger clades are supported in the strict consensus of the simultaneous analysis, but do not appear in most of the individual analyses. For example, the sister group relationship of Bertholletia to the Lecythis chartacea clade and the monophyly of the larger group that contains Lecythis ollaria/poiteaui, Bertholletia, and the L. chartacea clade only occur on the strict consensus of the simultaneous analysis (and not in any of the individual analyses). In addition, the sister group relationship of the Lecythis corrugata clade to the Eschweilera parvifolia clade and the monophyly of the group that contains Corythophora, Eschweilera, and the Lecythis corrugata clade only appear in the ITS analysis and the simultaneous analysis. The monophyletic group that contains the Eschweilera tetrapetala clade, the Lecythis corrugata clade, and the Eschweilera parvifolia clade only appears in the analyses of all DNA data and the simultaneous analysis, not in the analyses of any individual loci (or morphology). 
Lecythis corrugata
Lecythis corrugata + Eschweilera parvifolia
Discussion

Clades and supporting synapomorphies
In spite of the incongruence of some supporting clades among different datasets, many clades recognized by simultaneous analysis have strong branch support and are also recovered by analyses with different datasets (Figs.  2A, 2B ). The morphological features of each of the clades are illustrated and described in the following paragraphs. In the following discussion, numbers are provided for characters that were included in the analysis. In addition, we integrate information for characters that were not included in the analysis. In some cases, such characters provide useful descriptive or biological information about clades, even though they may not have been included in the analysis because of continuous variation, within-terminal polymorphism, missing data, or difficulties defining and coding states. In many cases, such excluded characters were discussed (2011).
Bertholletia clade (63% BS; Figs. 2, 4-15)
Our results support the monophyly of the Bertholletia clade, which includes Bertholletia, Corythophora, Eschweilera and Lecythis as defined in , and the results are congruent with Mori et al. (2007) and Huang et al. (2011) . The Bertholletia clade has a distinctive combination of its own synapomorphies and character states shared with some of the outgroup taxa. Character optimization using the unambiguous option of Winclada shows that morphological synapomorphies supporting the monophyly of the clade include the presence of a two or four-locular ovaries (character 39), the presence of an aril (character 47), and the absence of cotyledons (character 49). In addition, flowers of the Bertholletia clade have a distinctive combination of androecium features shared with some outgroup taxa, including zygomorphy (character 20), presence of a hood (= coiled ligule, character 26), the presence of stamens in the hood (character 32; called "vestigial" stamens because they lack anthers), and the absence of an external flap (character 25). None of the outgroup taxa has this combination of characters; all are either actinomorphic or all of the appendages on the hood are either staminodes (species of Couroupita) or vestigial stamen nectaries as in Couratari.
In addition, there are no species in the Bertholletia clade with staminal tubes, as in species of Allantoma, Cariniana, and Gustavia (character 21). (Tsou & Mori, 2002) , or seeds with leaf-like cotyledons (cf. Cariniana, Couratari, and Couroupita; character 49). The only genus outside of the Bertholletia clade with a ligule extending from a staminal ring, a feature common to all members of the Bertholletia clade, is Couroupita (character 24). Within the Bertholletia clade, the four genera are divided into the ten clades described and illustrated below .
Lecythis pisonis clade (100% BS; Figs. 2A, 4)
This clade comprises all four species of Lecythis section Pisonis recognized by Mori & Prance (1981) and Mori (1990b) and several other species that were included in synonymy by these authors but represent distinct species that have not yet been resurrected (Mori, unpubl. data) . The species of this clade are found throughout lowland rainforests in Central and South America but at low densities. Morphological synapomorphies include the presence of a bluishgreen color caused by the oxidation of wounded tissue (character 2), an annular expansion below the apex of the style (character 38; Fig. 4C ), and sulcate seeds (character 43; Fig. 4G ). The sulcate seeds are unique to this clade. In addition to these features, the bark is deeply fissured and laminated and the fruits (Fig. 4F ) are larger than found in any group of Lecythidaceae. The monophyly of Section Pisonis found in this study is congruent with previous studies (Mori, 1990b; Mori et al., 2007; Huang et al., 2011) . Although the monophyly of the Lecythis pisonis clade is strongly supported, species circumscriptions within the clade are problematic, especially for L. pisonis as circumscribed by Mori (1990b) . The three species of this clade have a narrow distribution limited to northwestern South America (Huang, 2010) . The three sampled species were included in Lecythis Section Lecythis by Mori (1990b) , in which he placed an additional 11 species. A morphological synapomorphy for the Lecythis ollaria clade is the presence of a single coiled ligule with vestigial stamens found only on the exterior part of the coil (character 26, Fig. 5A, G) . In addition, the style is short and erect ( Fig. 5G ; not coded in Huang et al., 2011) , the seeds have a well-developed basal aril (character 48; Figs. 5J, 9A, B), and the major seed veins are plane or slightly impressed and the areas between the veins appear to be free of connecting veins and are smooth (Figs. 5J, 9A-C). Lecythis poiteaui clade (72% BS; Figs. 2A, 6) This clade is found from central to eastern Amazonia and disjunct in the coastal forests of eastern Brazil (Huang, 2010) . It is sister to the L. ollaria clade but the five species recovered in it lack the single coil (character 26, Fig. 6C , D, F, K ) of that clade. None of the coded morphological characters provide synapomorphies for the L. poiteaui clade, but its members possess a long, oblique or geniculate (Fig. 6G) instead of an erect style; roundish ( Fig. 6J , P) instead of longer than broad seeds of the L. chartacea clade (e.g., Fig. 9D, E) ; dendritic seed venation ( Fig. 9M-P) ; and absent (Fig. 6J ) or vestigial aril (Fig. 6P ) versus a more developed basal aril of other clades (characters 47 and 48; Figs. 4G, 5F, 9A, B). The species of this clade generally have the androecial hood closed (= closed androecium, character 33, Figs. 6D, F, K) and petals that are tightly pressed against the androecium, presumably to stop entry into the flowers by non-pollinators. In addition the entrance into the apex of androecial hood is yellow, a color that usually directs bees to a pollinator reward.
Species of the Lecythis poiteaui clade that are not bee pollinated are Lecythis barnebyi S. A. Mori (1981a: 360) (Fig. 6A) and L. poiteaui. These two species are nocturnal and bats have been observed taking nectar from their flowers; thus, they are presumed to be bat-pollinated . These two species also possess similar cuticular papillae on the abaxial leaf blade surface (character 5), a massive number of stamens (character 34; Fig. 6A,  B) , open androecia (character 33; Figs. 6A, B), petals not pressed against the androecium (Fig. 6A) , and the presence of at least some anthers (or possibly antherodes) on the hood (character 32). Mori (1990b) placed L. brancoensis (R. Knuth 1939: 84) S. A. Mori (1981a: 359) , along with the two other bat-pollinated species, in Lecythis sect. Poiteaui, and this relationship was supported by Huang et al. (2011) . In contrast, this study places L. brancoensis in the Lecythis chartacea clade. Thus, if L. brancoensis is found to be bat-pollinated as suggested by Mori (1990b) , our results indicate that bat pollination may have evolved twice in New World Lecythidaceae.
Bertholletia excelsa clade (100% BS; Figs. 2A, 7)
This clade includes only Bertholletia excelsa, which is distributed throughout Amazonia and parts of the Guianas (see Fig. 21 in . In the present study, B. excelsa is sister to the Lecythis chartacea clade. It differs from species of that clade by having two calyx lobes (character 16; Fig. 7B ), seeds without an aril (character 47; Fig.  7G ), and a type of secondary indehiscence in which the seed is larger than the opercular opening (character 41; Fig.  7E, F) . Bertholletia excelsa provides good examples of petals pressed against the androecium (character 33; Fig. 7A ) and, as seen in the field or in color images, of the yellow color on the androecial hood at the entrance into the flower. Bertholletia is the only genus of the family with a boney seed testa and the complete absence of an aril (Fig. 7G ). It does, however, share features with species of the L. poiteaui and L. chartacea clades, including similar androecia with swept in appendages (Fig. 7D ), 4-locular ovaries (Fig. 7C) , and long, slender, oblique or geniculate styles (Fig. 7B) . hypothesized that B. excelsa is related to Lecythis lurida (Miers 1874: 262) S. A. Mori (1981a: 362) . This hypothesis was based on the following shared characters of the two species : the presence of cuticular papillae on the abaxial leaf blade surface (character 5; see Fig. 96 in ), hood appendages swept or curved inward without forming a complete coil (character 31; Fig. 7D ), mature fruits that fall to the ground with the seeds remaining inside (character 40), a unique dehiscence (character 41; Fig. 7E, F) in Bertholletia, and fruits that do not open at all in L. lurida. The relationship of B. excelsa with L. lurida and related species of the L. poiteaui clade is not supported by this study (Fig. 3A) .
There are no other species of Lecythidaceae with fruits morphologically similar to those of B. excelsa. The fruits of B. excelsa have thicker and woodier pericarps and are, in fact, dehiscent but the opercular opening is smaller in diameter than that of the seeds, and the operculum falls into the fruit when it dehisces (Tsou & Mori, 2002) (Fig. 7E,  F) . It has been hypothesized that this type of dehiscence is related to selection for dispersal by rodents, especially agoutis (Ducke, 1948; . In neotropical Lecythidaceae, shifts to different dispersal agents and accompanying morphological changes have occurred a number of times (Tsou & Mori, 2002) . For example, in Allantoma there has been a shift from wind-dispersal facilitated by a unilateral seed wing in most terra firme species to the water-dispersed A. lineata with only a vestigial seed wing (Huang et al., 2008) . Another shift has been from the terra firme dehiscent-fruited, arillate seeded, animal-dispersed L. chartacea to the riverine, indehiscent-fruited, non arillate-seeded, water-dispersed L. rorida O. Berg (1858: 488) (Kubitzki & Ziburski, 1994) . Thus, species of neotropical Lecythidaceae may belong to the same genus even though the morphological adaptations for seed dispersal by different dispersal agents may be quite different. Other morphological characters that would suggest relationships between B. excelsa and some species of Lecythis may be misleading and are homoplasious on our trees. For example many species of Amazonian Lecythidaceae have thick cuticles and papillae that arise from them, most likely to reduce water loss from the leaves-thus, the presence or absence of papillae should not be given much weight in predicting evolutionary relationships in this family. Even the unique two-lobed calyx (Fig. 7B) of B. excelsa is not an absolute indicator of evolutionary relationships because nearly all zygomorphic-flowered neotropical Lecythidaceae (including B. excelsa) have six calyx-lobe primordia in early floral development (see Fig. 78 in .
Lecythis chartacea clade (76% BS; Figs. 2A, 8) This clade is distributed in Amazonian Venezuela, the Guianas, and in western to eastern Amazonian Brazil (Huang, 2010) . None of the morphological characters that were included in the analysis provide synapomorphies for this clade, and the only apparent morphological distinction for the clade is the more-or-less fusiform seeds with salient longitudinally oriented major veins and the areas between them with salient higher order veins (Figs. 8F) . These seeds differ from the smooth inter-venal areas of the seeds of the L. ollaria clade (Fig. 9A-C) , the dendritically arranged pattern and plane or impressed veins of the L. poiteaui clade ( Fig. 9M-P) , and the hard seed coat of the Bertholletia excelsa clade (Fig. 7G) . Members of the L. chartacea clade possess an androecial hood with swept in appendages (Figs. 8A, I , L) as do some of the species of the L. poiteaui (Fig. 6D) and B. excelsa (Fig. 7D) clades. The hood of the L. ollaria clade differs from these clades in its possession of a single coil (Fig. 5A, G) . In addition, zygomorphicflowered species with these types of androecial hoods do not possess obvious vestigial stamen nectaries, like those of the Eschweilera integrifolia (Figs. 11B, F ) and E. parvifolia (Figs 15B, H) clades and the outgroup genus Couratari. The presence of mucilage ducts in the ovary and/or the calyx lobes (character 17) is found in both the L. poiteaui (Figs. 6E, H, L) and L. chartacea clades but they are more common in the former clade; relatively long, obliquely oriented or geniculate styles occur in the L. poiteaui (Fig. 6G) , B. excelsa (Fig. 7B) , and L. chartacea (Figs. 8B, 8J) clades; indehiscent fruits are found in some of the species of the L. poiteaui, B. excelsa, and some of the species of the L. chartacea clades. Moreover, there are both dehiscent-and indehiscent-fruited species in the L. poiteaui and L. chartacea clades. In these clades, the fruits are of two types: they can be large with a relatively thin pericarp and fall to the ground without dehiscing (e.g., L. lurida and L. prancei Mori [1990b: 304] , Fig. 6I ) or the fruits dehisce but do not release the seeds, which are so large that they do not fall from the fruit (e.g., L. ibiriba (Miers 1874: 236) Smith et al. [2013: 447] , Fig. 6N ). In the Lecythis poiteaui clade, regardless of fruit type (whether truly indehiscent or with seeds that remain stuck inside the fruit), the seeds are large, more-or-less round (i.e., not markedly longer than broad), have plane or slightly impressed, dendritic veins, and a vestigial (Fig. 6P ) aril or no sign of an aril (Figs. 6J, 9M-P).
Indehiscent fruits of the L. chartacea clade are possessed by the riverine species L. rorida (mistakenly treated as a synonym of L. chartacea by Mori, 1990b) , which has fruits that usually drop into the water with the non-arillate seeds trapped inside, and the terra firme species L. gracieana S. A. Mori (in Mori & Lepsch-Cunha 1995: 47) and L. parvifructa S. A. Mori (1990b: 312) , which have relatively small, single-seeded fruits that fall to the ground at maturity without dehiscing. All of the remaining species sampled in the L. chartacea clade have dehiscent fruits and seeds with well-developed basal arils.
Lecythis brancoensis is sister to all other species of the L. chartacea clade ( Fig. 2A) , but was included in Lecythis Section Poiteaui by Mori (1990b) . It differs from other species of the L. chartacea clade in the presence of anthers or antherodes (character 32) on the innermost appendages of the androecial hood and the absence of a closed androecium (character 33). It was placed in Lecythis sect. Poiteaui based on the hypothesis that L. brancoensis is also bat-pollinated, which is supported by its unbranched terminal inflorescence and very large numbers of stamens, In addition, L. brancoensis shares a papillate abaxial leaf surface with the bat-pollinated L. barnebyi and L. poiteaui. In Huang et al. (2011) , L. brancoensis was recovered as a clade with the two known bat-pollinated species of Lecythis sect. Poiteaui; however, the current study does not support the relationship between the bat-pollinated species of the Lecythis poiteaui clade ( Fig. 2A) and the hypothetical bat-pollinated L. brancoensis of the L. chartacea clade.
Eschweilera congestiflora and E. simiorum were placed in Eschweilera Section Eschweilera by but these two species possess features that are common for species of the L. chartacea clade, e.g., a non-coiled ligule (character 26; Fig. 8C, I , L), curved inward appendages arising from the apex of the ligule (character 31), a 4-locular ovary (character 39), and seeds with a basal aril (characters 47, 48; Fig. 9L ). Mori et al. (2007) pointed out that these two species were placed in the wrong genus as indicated by molecular data. In this study, these two species are embedded in the L. chartacea clade, but new combinations will not be needed because they were originally described as L. congestiflora Benoist (1915: 177) and L. simiorum Benoist (1915: 178) (Fig. 2 in Mori et al., 2007) . (Mori et al. 20428) . H. L. retusa (Ramos s.n. NY barcode 00684323). I. L. gracieana (Freitas et al. 745) . J. Lecythis parvifructa (Freitas et al. 726) . K. L. holcogyne (Mori & Pipoly 15493) . L. Eschweilera. simiorum (Clark 4333) . Most species in this clade have fusiform or, less frequently, globose seeds, salient primary veins, major veins oriented along the entire length of the seeds, and salient higher order veins. The seeds associated with indehiscent fruits (e.g., those of L. gracieana (I) and L. parvifructa (J), tend to be more globose. Lecythis poiteaui clade-M. L. barnebyi (Costich & dos Santos 836) . N. Lecythis ibiriba (Carvalho et al. 6026) . O. L. lurida (Prance 26574) . P. L. prancei (Mori 20286) . All species in this clade have more-or-less globose seeds, plane or impressed veins, and the overall dendritic venation pattern. Photos by S. A. Mori.
1732). F. L. brancoensis (Silva 48). G. Lecythis rorida
Corythophora clade (100% BS; Fig. 2A, 10) This clade includes all four species of Corythophora recognized by . Species of Corythophora are restricted to Surinam, French Guiana, and central and eastern Amazonian Brazil (Huang, 2010) . Morphological synapomorphies of Corythophora include the presence of squamae on the surface of the inflorescence rachis (character 12, Fig. 3A ) and anther dimorphism (character 36). In addition, the species of Corythophora possess dorsiventrally thickened and closed androecial hoods (character 33; Fig. 10A, D, F, I ). Within the clade, the species are divided into two subclades ( Fig. 2A) : one with C. labriculata (Eyma 1932: 75) S. A. Mori & Prance (Mori 1981a: 365) and C. amapaensis Pires ex S. A. Mori & Prance (Mori 1981a: 365) , and the other with C. alta R. Knuth (1939: 51) and C. rimosa Rodrigues (1974: 5) . The latter subclade differs from the former by the presence of ligular (character 32) instead of staminal ring antherodes, non-imbricate calyx-lobes, and a hypanthium and calyx-lobes that are not differentiated in texture and color. The monophyly of Corythophora in this study is congruent with previous studies Mori et al., 2007; and Huang et al., 2011) . (<50% BS; Fig. 2B, 11, 12) This clade comprises 19 sampled species of Eschweilera included in Eschweilera section Eschweilera by . Species of this group are found from central to western Amazonian Brazil, the Andes, forests of the Pacific coasts of Colombia, Ecuador, and Central America as far north as Costa Rica. This clade is defined by a triple coil (characters 26, 27) with vestigial stamen nectaries at the apex of the last coil (not coded; Fig. 11B, F) . In addition, most of the species (e.g., E. aguilarii S. A. Mori [2007: 903] , E. amplexifolia S. A. Mori [Mori & Prance 1990: 201] , E. andina (Rusby 1896: 37) Macbride [1941: 246] , E. collinsii Pittier (1908: 97) , E. integrifolia, E. ovalifolia (Candolle 1828: 292) Niedenzu [1892: 40] , and E. sessilis A. C. Smith 1933: 21) have a spreading aril that completely surrounds the seed (character 48; Figs. 11D, G, I, 12C ), but several species (e.g., E. antioquensis Dugand & Daniel [1938: 1] , E. caudiculata R. Knuth [1939: 95] , and E. rimbachii Standley [1935: 31] ) possess arils that are lateral but differ from the lateral arils of the E. parvifolia clade by having their ends extend around the base and apex of the seed (Fig. 12A, B) ; one species (E. jacquelyniae S. A. Mori [Mori & Prance 1990: 192] ) has very large and fleshy lateral arils (Fig. 11D) . Eschweilera amazoniciformis, endemic to central Amazonian Brazil, is sister to the remaining species of the clade (Fig. 2B ). This species is distinguished by the presence of four instead of six calyx-lobes (character 16) and four instead of six petals (18). In addition, it is the only known species of neotropical Lecythidaceae with the combination of a triple-coiled androecial hood and fusiform seeds with a well-developed basal aril.
Eschweilera integrifolia clade
Most of the species of the E. integrifolia clade are found in western Amazonia and the mountain valleys and slopes of the Andes, with the exception of the central Amazonian E. amazoniciformis and Eschweilera ovalifolia. The Andean and western Amazonian species possess predominantly red flowers, but some species, for example, the coastal Ecuadorean species E. awaensis S. A. Mori & Cornejo (2011: 470) and the western to central Amazonian species E. ovalifolia, have yellow flowers.
Eschweilera tetrapetala clade (100% BS; Figs. 2B, 13)
This small clade consists of three sampled species (E. alvimii S. A. Mori [1981: 469] , E. tetrapetala, and E. nana and three additional species (E. complanata S. A. Mori [1995: 16] , E. compressa (Vellozo 1829: 222) Miers [1874: 248] , and E. mattos-silvae S. A. Mori [1995: 22] ) and several unnamed species that were not included in this study. Eschweilera alvimii and E. tetrapetala were included in Eschweilera section Tetrapetala (Mori, 1990) and Eschweilera nana was included in Eschweilera section Eschweilera by . Eschweilera nana has a wide distribution in the Brazilian cerrado but the other species have narrow distributions and are endemic to the coastal forests of eastern Brazil (Huang, 2010) . Synapomorphies of this clade include the presence of squamae on the inflorescence rachises ( Fig. 3B; character 12 ) and appendages on both the interior and exterior surfaces instead of only on the exterior surface of the single androecial hood coil (character 29; Fig. A, C) . The latter character is unique to this clade. The monophyly of Section Tetrapetala in the present study is congruent with Huang et al. (2011) . In addition, species of the E. tetrapetala clade have a single androecial hood coil, a two-locular ovary (character 39; Fig. 13B ), and a basal aril (characters 47, 48; Fig. 13E ). (Mori et al. 25730) . B. L. confertiflora (Mori et al. 20801) . C. L. persistens subsp. persistens (Mori et al. 25651) . D. L. persistens subsp. aurantiaca (Mori et al. 24724 ). E. Lecythis idatimon (Mori et al. 25745) . Lecythis corrugata (99% BS; Fig. 14) This clade includes all five species of Lecythis section Corrugata recognized by Mori (1990b) . Species of L. section Corrugata are found in the Guianas, eastern Amazonian Brazil, and on the other side of the Andes in the Lake Maracaibo area (Huang, 2010) .
Synapomorphies for this clade are the presence of rugose/tuberculate pedicels and hypanthia (character 14; Figs. 14E, F) and ligular flanges (absent in L. corrugata) (character 28, Fig. 14B, D) . Other synapomorphies include the presence of a non-coiled ligule (character 26; Fig. 14B-D) , an open androecium (absent in L. corrugata, character 33; Fig. 14B-D) , anther dimorphism (character 36), and four-locular ovaries (character 39). The monophyly of the L. corrugata clade in the present study is consistent with Mori (1990b) , Mori et al. (2007) , and Huang et al. (2011) . However, recovering the L. corrugata clade as sister to the E. parvifolia clade has not been suggested before. Within this clade L. corrugata is morphologically similar to species of Corythophora, especially to the two species in the C. amapaensis/C. labriculata clade, as indicated by dorsi-ventrally thickened, closed androecial hoods (character 33; Figs. 10D, 10I, 14A) . Huang et al. (2011) pointed out that the L. corrugata and Corythophora clades have noncoiled ligules (character 26; Figs. 14A-C), reduced or well-developed appendages on the interior side of the ligule (character 29, Fig. 14A-C) , anther dimorphism (character 36, Fig. 14C ), and seeds with basal arils (characters 47, 48; Figs. 10L, 14F) . However, all species in this clade (other than L. corrugata) are easily separated from Corythophora by an open instead of a closed androecium, the presence of lateral flanges, and four instead of a two-locular (except C. labriculata) ovaries. In this study, the close relationship of the L. corrugata and Corythophora clades is not supported. A close relationship of these clades was supported by Huang et al. (2011) , but the only synapomorphy was the presence of anther dimorphism (character 36; Fig. 14C ).
Eschweilera parvifolia clade (94% BS; Fig. 2B, Fig. 15) This clade consists of a sample of 29 of the approximately 63 species (minus the species now considered as belonging to the E. integrifolia clade) recognized by . Species of this clade are found nearly everywhere in the Neotropics, ranging from Veracruz, Mexico to Rio de Janeiro, Brazil (Huang, 2010) .
The sections of Eschweilera, as defined by Mori (1987: 32) , and E. cyathiformis S. A. Mori (1989: 20) , and the nonsampled E. rabeliana S. A. Mori (1989: 21) and E. revoluta S. A. Mori (in Mori & Prance 1990: 174) ; and Eschweilera section Eschweilera with the remaining species (minus those found in the E. integrifolia clade). The type, E. parvifolia , is found in this clade. Mori & Prance (1990d) included species of our E. integrifolia (described above), E. tetrapetala (described above), and the E. parvifolia clades in their concept of Eschweilera. Based on our results, Eschweilera is not monophyletic.
The most useful morphological synapomorphy of the E. parvifolia clade is the presence of a lateral aril (character 48, Fig. 15F ). Although there are a few species with lateral arils in the E. integrifolia clade, most of those species have spreading arils (Fig. 12C ) and the ones with lateral arils are either much larger and/or wrap around the ends of the seeds (Figs. 12A, 12B , see above discussion of the E. integrifolia clade). In addition, this is the only clade with consistently double-coiled androecial hoods (Fig. 15B-H ) in contrast to the consistently single-coiled androecial hoods of the Eschweilera tetrapetala and the triple-coiled androecial hoods of the E. integrifolia clades. The species of the Eschweilera parvifolia and E. integrifolia clades are the only species to have vestigial stamen nectaries in the Bertholletia clade, a feature that is also found outside of the clade in Couratari .
Eschweilera tenuifolia differs from the other species of this clade because it lacks pedicels (character 13) and its seeds do not have an aril (character 47). Other defining features are wedge-shaped seeds; a corky seed coat; and seed germination from the sides (Fig. 18M in Prance & Mori, 1979) instead of the ends of the seeds (not coded). The flowers of E. tenuifolia have a double-coiled androecial hood identical to the other species of the E. parvifolia clade. This species was the only one included in E. section Jugastrum by and can only be recognized as a separate section if the poorly understood basal clade (the E. mexicana clade) is also recognized as a section but that clade has no differences from the other species of the Eschweilera parvifolia clade. In this study, the representatives of Eschweilera section Bracteosa fall into two unresolved clades. Whether this section should be recognized is open to question, but it is unlikely that the persistent bracts and bracteoles in the inflorescences are stable enough for use in defining taxonomic groups (Fig. 2B ).
Taxonomic implications
Phylogenetic study based on combined evidence derived from morphological and molecular data will continue to contribute to a phylogenetic classification of the genera of neotropical Lecythidaceae (Morton et al. 1998; Mori et al., 2007; Huang et al., 2011) . Our goal in this paper has been to determine if the generic classification within the Bertholletia clade as recovered in this study is congruent with the generic classification of . This study does not address the evolutionary relationships of the actinomorphic-flowered (Allantoma, Grias, or Gustavia) or the zygomorphic-flowered (Cariniana, Couratari, Couroupita) genera because they are not part of the Bertholletia clade. These genera are discussed in a paper by .
The topology of our consensus tree indicates that Eschweilera, as circumscribed by , is paraphyletic (Fig. 2B ) and that Lecythis, as defined by Mori (1990b) , is polyphyletic. In the paragraphs below, we discuss the implications that this study has on the generic classification of neotropical Lecythidaceae, and we present options for circumscribing genera. The clades are discussed in the order they appear on our trees.
A. The monophyly of Section Pisonis (Lecythis pisonis clade) is strongly supported by the data (100% BS; Fig. 2A ). In addition, this clade has a combination of features that allow it to be easily recognized. Ledoux (1964) established Pachylecythis Ledoux based on Pachylecythis egleri Ledoux (1964: 2) , which was treated as a synonym of Lecythis pisonis by Mori (1990b) . Therefore, all species of Section Pisonis recognized by Mori (1990) would have to be transferred to Pachylecythis if this clade is recognized as a separate genus.
B. The relationships among and within the taxa of the Lecythis ollaria, L. poiteaui, Bertholletia excelsa, and L. chartacea clades are still incompletely understood. Our trees provide several options upon which to base a generic classification, but only the two extreme possibilities will be discussed here. The first option is to recognize all of the clades as Lecythis, which would require treating Bertholletia excelsa as a species of Lecythis. With some exceptions, the morphological features defining this clade are an androecial hood with swept in appendages (in all taxa except the Lecythis ollaria clade which has a single coil) and basal arils in all except the indehiscent-fruited species. This "new Lecythis" would include all the species of Lecythis sect. Lecythis minus the L. pisonis and L. corrugata clades. The other extreme would be to recognize all of the clades as separate genera, as follows:
1) The L. ollaria clade would remain as Lecythis, but with the number of species reduced to three. Defining characters would be a single-coiled androecial hood with only exterior appendages (Figs. 5A, G), an erect short style (Fig. 5G ), and seeds with plane or impressed major veins running the length of the seed and no evident veins between the major veins (Figs., 5F, J, 9A-C).
2) The Lecythis poiteaui clade is supported in every analysis that includes molecular data, but does not have morphological synapomorphies among the characters included in the analysis. Members of the clade can be recognized by the lack of a single coil (but with swept inward appendages); a long, slender, obliquely oriented or geniculate style; indehiscent or dehiscent fruits, with the indehiscent taxa lacking an aril; plane or impressed seed veins that do not parallel the length of the seed but are dendritically arranged (Figs. 6, 9M-P).
Ducke published Holopyxidium (Ducke 1925: 152 ) based on Holopyxidium jarana (Ducke 1925: 152) which was treated as a synonym of Lecythis lurida (Mori, 1990b) , so that generic name is available for naming this clade if future studies support its recognition as a genus.
3) The monotypic Bertholletia excelsa clade defined by a two-lobed calyx, a unique type of fruit dehiscence, a boney seed coat, and total absence of an aril (Fig. 7) . This clade would be retained as a monotypic genus.
4) The L. chartacea clade is supported in every analysis based on molecular data. Morphologically, the clade possesses features similar to those of the L. poiteaui clade, but the seeds are more-or-less fusiform, the major veins are salient and run the length of the seed, and cross veins depart from the major veins into the area between the veins (Figs. 8, 9D-L) . Segregation of Lecythis chartacea clade into a separate genus should only be done if further study supports this action. The name Cercophora Miers (1874), previously established as a monotypic genus, may available for the Lecythis chartacea clade, but the identity and status of the type of Cercophora anomala Miers (1874: 302) is uncertain and needs to be resolved.
C. The Corythophora clade is supported by both morphological (Fig. 10 ) and molecular data and is congruent with ; thus, no changes are needed.
D. The Eschweilera integrifolia clade. The separation of this clade from the E. parvifolia clade is supported by the separation of these two clades in our trees (Fig. 2) and by the following morphological characters: three-coiled androecial hoods (Fig. 11B, F) and seeds surrounded by a spreading aril (Fig. 11D, H, I ) or lateral aril that differs from the typical lateral aril of the E. parvifolia clade (Fig. 15F) because it curves around the base and apex of the seed (Fig. 11A, B) .
The nature of the aril in this clade has to be studied in more detail because the group potentially possesses three different types: one that completely surrounds the seed (Fig. 11C) , one that is lateral but curves around the ends of the seed (Fig. 11A, B) , and another that is very thick and also curves around the end of the seed (only seen in E. jacquelyniae, see image on the Lecythidaceae Pages [Mori et al., 2010] ). These problems point out the need for a study focused on the Eschweilera integrifolia clade in which more taxa, more morphological characters, and additional genes are employed.
E. The Eschweilera tetrapetala clade. The species of this clade conform to Eschweilera sect. Tetrapetala (Mori, 1990) and have 4 or 6 petals, a single-coiled androecial hood with vestigial stamens on both the exterior and interior of the coil (Fig. 13A, C) , 2-locular ovaries (Fig. 13B) , impressed seed veins (Fig. 13E) , and short basal arils (Fig.  13E ). In addition, some species have a calycine rim (i.e., calyx-lobes that are fused at their bases to form a rim, e.g., E. compressa), and other species lack a calycine rim (e.g., E. nana)
There is no support for retaining E. sect. Tetrapetala (Mori, 1990) (Fig. 14E, F) , long styles, and basal arils (14F). In addition, all species except L. corrugata have flat, open androecial hoods (Fig. 14B-D) and lateral flanges (Fig. 14B-D) . The androecial hood of L. corrugata is also flat but it is dorsiventrally thickened, closed, and the ligule lacks lateral flanges (Fig. 14A) . Chytroma, as circumscribed by Miers (1874) , includes species that would be placed in our Eschweilera tetrapetala, E. parvifolia, Lecythis corrugata, L. ollaria, and L. poiteaui clades-thus, including most of the variation of the Bertholletia clade. However, Miers (1874) selected Chytroma amara (Aublet 1775 : 716) Miers (1874 as the type of the genus (a synonym of L. idatimon fide Mori, 1990b) , and this species possesses the features of the species except some of those of Lecythis corrugata as mentioned above.
G. The Eschweilera parvifolia clade. included the species of our E. integrifolia, E. tetrapetala, and E. parvifolia clades in their broadly defined Eschweilera. Our study supports recognizing only the Eschweilera parvifolia clade as Eschweilera because it contains the type and is separated from the E. integrifolia, E. tetrapetala, and L. corrugata clades by both morphological and molecular characters as discussed above. However, our trees do not justify recognizing any of the sections published by , because they are either not monophyletic or because recognizing them would leave behind a large paraphyletic assemblage of species.
Conclusions
We conclude that the Bertholletia clade informally recognized by Mori et al. (2007) and confirmed by Huang (2010) consists of ten zygomorphic flowered clades of Neotropical Lecythidaceae currently placed in Bertholletia, Corythophora, Eschweilera, and Lecythis as circumscribed by Mori and Prance (1990) . Three other zygomorphic flowered genera (Cariniana, Couratari, and Couroupita) fall outside of the Bertholletia clade and these genera, along with three actinomorphic-flowered genera (Allantoma, Grias, and Gustavia), are discussed separately . Among the ten clades recognized in this paper, only Corythophora is monophyletic as defined by Mori and Prance (1990) . Eschweilera is recovered as three separate clades (the E. tetrapetala, E. integrifolia, and the E. parvifolia clades) and Lecythis is recovered as five separate clades (the L. pisonis, L. ollaria, L. poiteaui, L. chartacea, and L. corrugata clades) . Bertholletia excelsa is embedded within the L. ollaria/ L. poiteaui/B. excelsa/L. chartacea clade. Morphological and molecular data support the continued recognition of Corythophora as a genus and the possibility of recognizing the E. tetrapetala, E. integrifolia, E. parvifolia (encompasses the type), L. pisonis, and L. corrugata clades as separate taxa. In contrast, all six genera of the non Bertholletia clade are well-defined molecularly and morphologically and do not need generic changes. A key to the 16 clades of neotropical Lecythidaceae is included in .
Another challenge in the systematics of neotropical Lecythidaceae is reaching a more complete understanding of the species and their relationships within the clades of this group. This information will provide the framework for determining how species of Lecythidaceae interact with their abiotic and biotic environments which, in turn, will facilitate future studies on the evolution, ecology, and conservation of this ecologically dominant group of Amazoniancentered trees.
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